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A P P L I E D  P H Y S I C S
Pulling apart photoexcited electrons by photoinducing 
an in-plane surface electric field
E Laine Wong, Andrew J. Winchester, Vivek Pareek, Julien Madéo,  
Michael K. L. Man, Keshav M. Dani*
The study and control of spatiotemporal dynamics of photocarriers at the interfaces of materials have led to trans-
formative modern technologies, such as light-harvesting devices and photodetectors. At the heart of these tech-
nologies is the ability to separate oppositely charged electrons and holes. Going further, the ability to separate 
like charges and manipulate their distribution could provide a powerful new paradigm in opto-electronic control, 
more so when done on ultrafast time scales. However, this requires one to selectively address subpopulations of 
the photoexcited electrons within the distribution—a challenging task, particularly on ultrafast time scales. By 
exploiting the spatial intensity variations in an ultrafast light pulse, we generate local surface fields within the 
optical spot of a doped semiconductor and thereby pull apart the electrons into two separate distributions. Using 
time-resolved photoemission microscopy, we directly record a movie of this redistribution process lasting a few 
hundred picoseconds, which we control via the spatial profile and intensity of the photoexciting pulse. Our quan-
titative model explains the underlying charge transport phenomena, thus providing a roadmap to the more gen-
eralized ability to manipulate photocarrier distributions with high spatiotemporal resolution.
INTRODUCTION
The spatial and temporal dynamics of charged particles at the in-
terfaces of materials is of vital consequence to several modern tech-
nologies, such as light-harvesting and semiconductor devices. For 
example, the mobility of carriers (1) and the underlying nature of 
diffusion (2) raise important questions relevant to semiconductor 
device technology. In the case of photocatalysis, where light energy 
is converted to chemical energy at the surface of a semiconductor, 
spatiotemporal dynamics of the photocarriers directly affects sur-
face chemical reactions (3, 4). To further these scientific and tech-
nological aims, over the past few years, a handful of techniques have 
begun to study the dynamics of photocarriers simultaneously in 
space and time with high resolution. Ultrafast micro–pump-probe 
techniques, which interpret the measured, spatially resolved optical 
response to understand the underlying carrier dynamics, have ob-
served drift and diffusion phenomena in semiconductor nanostruc-
tures (5, 6). Scanning ultrafast electron microscopy (SUEM), which 
uses ultrafast electronic packets to obtain high spatiotemporal reso-
lution, measures the secondary electrons emitted by the probe elec-
tron packet to access the photoexcited carrier dynamics (7). As a 
result, SUEM has recently observed anomalous and anisotropic dif-
fusion phenomena in amorphous silicon (2) and black phosphorous 
(8), respectively. In contrast, time-resolved photoemission electron 
microscopy (TR-PEEM) techniques (9) combine the high temporal 
resolution provided by ultrafast optical pulses with the high spatial 
resolution provided by photoemitted electrons to study dynamics 
in metals (10, 11) and semiconductors (12, 13). In semiconductors, 
TR-PEEM can directly image the density of photoexcited electrons 
as they evolve in space and time, as exemplified by our recent obser-
vation of the motion of electrons in a type II semiconductor hetero-
structure (14).
Beyond the observation of drift and diffusion phenomena in 
semiconductor structures, one would like to directly control the 
distribution of charge densities and local currents in space and time 
with high resolution. Arguably, one of the most potent examples of 
manipulating photocarrier distribution for modern technology is 
the separation of unlike photocharges—electrons and holes—using 
macroscopic electric fields (15) or energy gradients formed in mate-
rial heterostructures (16, 17), such as type II heterostructures (18). 
However, manipulating the distribution of photocarriers of the 
same charge, for example, only the electrons, can be challenging 
due to the relatively few ways to separately address subpopulations 
of the photocarrier. Furthermore, tools to achieve control with both 
high spatial and temporal resolution remain scarce. Light would 
provide a natural tool to achieve high speed, but one would need to 
develop ways to selectively manipulate electrons within the optical 
spot size to achieve spatial resolution beyond the diffraction limit. A 
potential tool to manipulating charged carriers with light is the sur-
face photovoltage (SPV) effect, wherein one can alter the surface 
potential of a doped semiconductor in relation to the light intensity. 
Previous studies of SPV have demonstrated carrier transport with 
the SPV effect, including on ultrafast time scales, but have typically 
studied the response averaged over the entire optical spot (19–21). 
Being able to manipulate the SPV effect within the optical spot 
could allow the creation of in-plane electric fields within the optical 
spot and thus provide control over subpopulation of photocarriers. 
Ultimately, such an ability to manipulate the distribution of photo-
excited electrons and thereby generate local, spatially varying cur-
rents with high spatiotemporal resolution would have significant 
implications for fast, nanoscale opto-electronic devices (22, 23) or 
for site-specific, temporally gated photocatalytic reactions (24, 25) 
and many other opto-electronic technologies (26, 27).
Here, using the spatial variations in the intensity of a Gaussian 
ultrafast optical beam, we generate local electric fields within the 
optical spot that act to pull apart and separate into two the original 
Gaussian distribution of photoexcited electrons. Using TR-PEEM, 
we directly image the evolving electron density with high spatial 
and temporal resolution and thereby make a movie of the process of 
separation of the photoexcited electron distribution. By varying the 
spatial profile and intensity of the ultrafast optical beam, we control 
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the in-plane electric fields and thus the degree and rate of the sepa-
ration process. Using the high spatial resolution provided by PEEM, 
we show that the in-plane electric fields are a result of variations in 
the screening process within the optical spot. We use a model to 
understand the process, reproduce key features of our experiment, 
and provide a clear pathway to a more arbitrary manipulation of the 
photoexcited electron distribution.
RESULTS
Sample preparation and experimental setup
For this study, a p-doped GaAs wafer is cleaved in situ in the ultra-
high vacuum chamber of the PEEM to expose a clean 〈110〉 surface. 
The sample is photoexcited with a 1.55-eV, 45-fs pump pulse, which 
creates both photoelectrons in the conduction band and photoholes 
in the valence band. Then, using a time-delayed, frequency-tripled 
4.6-eV probe pulse, we photoemit only electrons from the conduc-
tion band, while the photoholes are not directly accessible. The photo-
emitted electrons are then imaged in the PEEM to form a series of 
time-delayed images reflecting the evolving spatial distribution of 
the electrons (Fig. 1). Typically, the field of view and corresponding 
spatial resolution of the PEEM are set to 75 m and 40 nm, respec-
tively. The temporal resolution is ~280 fs in our experiment, limited 
by the frequency-tripled probe pulse. Further details of the setup are 
described in Materials and Methods.
Ultrafast separation of photoexcited electrons
Using this experimental capability, we first imaged the spatial dis-
tribution of the photoexcited electrons at different time delays for 
both low (1.4 × 1018 cm−3) and high (2.1 × 1019 cm−3) photoexcited 
carrier densities (Fig. 2). The time-delayed images are normalized 
individually. We used a grazing angle of incidence of the pump 
pulse to create an elliptical photoexcitation profile, which provided 
a strong electric field along the short axis, as explained in more de-
tail below. Three-dimensional (3D) distribution profiles of the pho-
toexcited electrons are plotted, which allows one to easily see 
the evolution of the original photoexcited Gaussian distribution. The 
white line in the 2D images projected onto the XY plane marks the 
boundary of the full width at half maximum (FWHM) of the fitted 
Gaussian distributions. A normal view of the 2D images is also pre-
sented in the Supplementary Materials (fig. S1).
In Fig. 2, we see at the instant of photoexcitation (that is, at 0 ps) 
the Gaussian distribution profile of the photoexcited electrons 
inherited from the pump beam. At low photoexcited carrier density 
(Fig. 2A), the electron distribution profile continues to retain 
the Gaussian shape as the photoexcited carriers diffuse and 
recombine over time, as expected in a homogeneous sample. In 
contrast, for high photoexcited carrier density, we are able to 
induce a nontrivial redistribution of the photoexcited electrons 
(Fig. 2B). By +200 ps, the electron distribution profile deviates 
significantly from a Gaussian and eventually splits into two distinct 
Gaussian distributions at +500 ps with a separation between the two 
peaks greater than the FWHM of the two fitted Gaussian profiles 
(28). Both the time- delayed movies showing the redistribution of 
the photoexcited electrons can be found in the Supplementary 
Materials (movies S1 and S2).
Controlling the rate and degree of separation of the 
photoexcited electrons
The intensity profile of the photoexcitation beam provides a strong 
degree of control over the rate and degree of separation of the pho-
toexcited electrons. Figure 3A shows the distribution profile of the 
photoexcited electrons at +500 ps for three different photoexcited 
carrier densities, that is, 2.8 × 1018 cm−3, 8.4 × 1018 cm−3, and 2.1 × 
1019 cm−3. At 2.8 × 1018 cm−3, the distribution profile resembles that 
of a flat-top Gaussian curve, hinting at the splitting of the photoex-
cited electron cloud. At 8.4 × 1018 cm−3, the distribution profile now 
shows two distinct peaks, indicating the presence of two overlap-
ping Gaussian distributions. At 2.1 × 1019 cm−3, the two peaks have 
now moved even further apart, showing a larger separation between 
Fig. 1. Schematic of TR-PEEM and the ultrafast separation of the photoexcited electrons within the optical spot. We excite p-doped GaAs with a 1.55-eV pump and 
photoemit the photoexcited electrons with a 4.6-eV probe. The photoemitted electrons are imaged in a PEEM with high spatial resolution at different pump-probe delays. 
Assembling the images sequentially provides a movie of our ability to control the redistribution of the photoexcited electrons via optically induced, spatially varying 
lateral electric fields within the photoexcitation spot.
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the two distributions of photoexcited electrons. In Fig. 3B, the peak 
separation is plotted versus time delay for the three different carrier 
densities as a ratio of the FWHM at +500 ps. The black horizontal 
line thus marks the point where the separation between the two 
peaks is equal to the FWHM of the two Gaussian distributions, in-
dicating two resolved Gaussian distributions as per the FWHM cri-
terion (28). We show that the rate of separation and the eventual 
separation of the photoexcited electron cloud can be controlled by 
the photoexcitation intensity. We note that at early time delays, in 
addition to the formation of a lateral electric field that pulls apart 
the electron distribution, we also have other nonlinear and opto-
electronic processes occurring as described in section S1. These 
processes cause a broadening of the Gaussian distribution at early 
time delays but culminate by ~10 ps.
Formation of lateral electric field
To understand the above phenomena, we first explain the ability to 
generate in-plane electric fields within the photoexcitation spot due 
to the intensity variations in the Gaussian pump pulse. Before pho-
toexcitation, a layer of positive charge exists at the surface of a p- 
doped semiconductor, which is, in turn, balanced by the depletion 
layer of negatively charged dopants (fig. S2A) and results in the well- 
known band bending seen in doped semiconductors (19–21, 29, 30). 
Upon the optical injection of carriers, the photoexcited electrons 
drift toward the sample surface, while the photoexcited holes drift 
toward the bulk. The separation of the photoexcited electron-hole 
pairs leads to the buildup of an opposite field that then screens the 
preexisting dipoles, causing this built-in surface field to diminish 
(fig. S2B), surface bands to unbend, and the formation of an SPV. 
Previously, these phenomena were studied assuming uniform pho-
toexcitation conditions (19–21).
To compare with previous results, we measured the local photo-
emission intensity only at the center of the photoexcitation spot 
(fig. S3A), wherein the pump intensity is spatially uniform. At low 
photoexcited carrier density, we see the vertical transport of the 
photoexcited electrons to the sample surface, as evidenced by the 
increase in photoemission intensity. As the photoexcitation carrier 
density increases, the built-in field begins to be screened and the 
rise in the photoemission intensity decreases. This measurement 
agrees very well with previous literature (19), where the measured 
response was integrated over the entire optical spot. Using the sub-
diffraction spatial resolution provided by PEEM, we observed spa-
tial variations in the screening process as we moved away from the 
center of the optical spot, but still within the FWHM (fig. S3B). At 
the center of the photoexcitation spot where the carrier density is 
high, the built-in field is largely screened and fewer electrons drift 
toward the surface. Further away from the center where the photo-
excited carrier density is lower and the built-in field is only partially 
screened, there is an influx of electrons from bulk to the surface, as 
seen by the huge increase in the photoemission intensity.
In our experiment, under the right intensity conditions, one is 
left behind with an almost completely screened region at the center 
of the Gaussian pulse, while regions further away from the center 
are only partially screened with a finite built-in field. The nonuni-
formly screened built-in surface field leads to lateral variations in 
the amount of band bending and, accordingly, a lateral potential 
difference on the surface (Fig. 4A). The lateral potential difference 
directly corresponds to an in-plane electric field radiating away 
from the center that starts to pull apart the photoexcited electrons. 
By using a grazing angle of incidence corresponding to an elliptical 
photoexcitation profile, one can weaken the strength of the electric 
field along the long axis of the ellipse, thereby ensuring that the 
electrons are pulled apart only in the direction of the short axis 
(fig. S1).
To quantitatively model the observed phenomena, we numeri-
cally calculate the local electric field and its effect on the photocar-
rier distribution, both of which evolve in time. The electric field is 
calculated by taking into account the spatial variation in the local 
densities of dipoles (Fig. 4A) due to the inhomogeneous screening 
of the dipoles by the photoexcited carriers. As the photoexcited 
electrons redistribute in the lateral field (and recombine), the lateral 
electric fields evolve (and weaken) (Fig. 4B), which, in turn, affects 
local currents and the evolving distribution of photocarriers. Even-
tually, for high initial photoexcitation intensities, the photoexcited 
electrons separate into two Gaussian distributions. Details of our 
model are discussed in the Supplementary Materials, with Fig. 4C 
showing that our model correctly reproduces the degree and rate of 
separation.
Fig. 2. Pulling apart photoexcited electrons by optically inducing spatially 
varying electric fields within the photoexcitation spot at high photoexcited 
carrier densities. We show snapshots of the normalized spatial distribution of the 
photoexcited electrons at three different time delays after photoexcitation (0, 200, 
and 500 ps) for both (A) low and (B) high photoexcited carrier densities. (A) At low 
carrier density (1.4 × 1018 cm−3), the photoexcited electrons exhibit well-known 
diffusion phenomena while continuing to retain a Gaussian distribution. (B) At 
high carrier density (2.1 × 1019 cm−3), the initial Gaussian profile of the photoexcited 
electrons at 0 ps starts to separate at +200 ps and eventually splits into two distinct 
distributions with the separation between the two fitted Gaussian peaks greater 
than the FWHM of the distributions. White elliptical lines in the XY plane demarcate 
the FWHM of the distributions.
Wong et al., Sci. Adv. 2018; 4 : eaat9722     7 September 2018
S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E
4 of 6
Fig. 3. Control of rate of separation of the photoexcited electron clouds. (A) Distribution profile at +500 ps for three different photoexcited carrier densities ranging 
from a flat-top Gaussian to two overlapping Gaussian distributions with varying amount of separations. For quantitative analysis, the time-delayed distribution profiles 
are fitted with two Gaussian distributions of the same width and amplitude, leaving the peak positions as free parameters for fitting. The solid black lines show the distri-
bution profiles that arise from the two fitted overlapping Gaussian distributions (solid gray lines). (B) Fitted peak separations as a ratio of the FWHM of their respective 
profiles at +500 ps for the three different carrier densities. The degree and rate of separation of the quasi-equilibrium distributions can be controlled by tuning the pho-
toexcitation intensities. a.u., arbitrary units.
Fig. 4. The inhomogeneous screening of the built-in fields of a doped semiconductor induces lateral potential differences that pull apart the photoexcited 
electrons into two distinct distributions. (A) The spatially varying intensity of the Gaussian photoexcitation beam inhomogeneously screens the built-in surface fields 
of p-doped GaAs. The screening leads to a complete flattening of the bands at the center of the photoexcitation spot (denoted by the origin in Fig. 4A), but only partial 
flattening away from the center (see section S1 for details). This creates lateral potential differences or local electric fields within the photoexcitation spot that drive spa-
tially varying currents. The dark yellow and blue symbols represent the dipoles and their polarities due to the charges in the depletion layer. The black arrows represent 
the electric fields from these dipoles. (B) Spatially varying electric field calculated from the evolving distribution of surface dipoles. (C) The calculated (solid lines) evolution 
of the density of photoexcited carriers closely reproduces the experimental data (blue lines and gray planes), showing the separation of photoexcited electrons into two 
separate distributions.
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DISCUSSION
Our work provides a new paradigm in the spatiotemporal control of 
charge carriers with high resolution. In general, the ability to alter 
photoexcited electronic distributions within the optical spot opens 
up the possibility to go beyond the diffraction limit of light to the 
nanoscale. Further, using spatial light modulators to imprint other 
nontrivial intensity patterns on the surface, one could obtain arbi-
trary control of charge currents on the nanometer, femtosecond 
scale. These charge currents, in turn, can be used to drive nanoscale 
opto-electronic devices or for localized, temporally gated photoca-
talysis with high resolution and unprecedented control. The use of 
other semiconducting materials, such as transition metal dichalco-
genides or Bi2Se3, could provide more interesting control of charge 
currents because of their higher carrier mobilities and the nontradi-
tional dispersion of surface states. Another interesting consequence 
of the ability to spatially separate and then potentially recombine 
subpopulations of photoexcited electrons would be to study spatial 
coherences in the photoelectron population. The ability to study 
and manipulate spatial quantum coherent effects in photoexcited 
electron populations would have fundamental and technological 
value. Lastly, the ability to create lateral energy potential differences 
at the surface via lateral variations in the amount of band bending 
could allow the flow of other quasi-particle species such as neutral, 
tightly bound excitons, thus enabling next-generation excitonic 
technologies (31, 32).
MATERIALS AND METHODS
The sample was a Zn-doped GaAs 〈100〉 wafer from Semiconductor 
Wafer Inc. with a sample thickness of 350 ± 25 m and a dopant 
concentration of ~1018 cm−3. The sample was heated to 150°C in the 
ultrahigh vacuum chamber (~10−10 torr) for at least an hour for de-
sorption of gases from the surface. After cooling, the sample was 
cleaved in situ to expose a fresh 〈110〉 surface and transferred into 
the main chamber for measurements. The cleaved surface was con-
firmed with both low-energy electron diffraction (LEED) and pho-
toemission imaging (PEEM) to be clean and free of microscopic 
ridges. All data were measured at least an hour after the in situ 
cleaving of the sample to ensure that the surface lattice has relaxed 
to a stable structure (30). The surface states on the cleaved surface 
lead to the formation of a depletion layer whose width is estimated 
to be ~32 nm (33). An exponential fit of the experimental data 
showed a long-term decay time constant of ~460 ps, denoting the 
time scale on which the system returns to its ground state.
The TR-PEEM measurements were performed in a LEEM/PEEM 
system (SPELEEM, Elmitec GmbH) using a femtosecond pump-
probe technique. The cathode lens design of the microscope allows 
nonscanning, high-resolution imaging of the photoemitted elec-
trons with a lateral resolution of ~40 nm. The femtosecond pulses at 
a central wavelength of 800 nm and a pulse duration of 45 fs were 
generated by a high-power (2.6 W), high–repetition rate (4 MHz) 
Ti:sapphire oscillator system. The fundamental pulses were split 
into two parts: The first part was used as a pump pulse to photo-
excite the GaAs sample; the second part was frequency-tripled via 
β-barium borate crystals to 266 nm and used as a time-delayed probe 
pulse to photoemit electrons from the sample. Because of the optical 
penetration depth of the probe and the electron affinity of the 
sample, only the photoexcited electrons from the top 6 nm were 
photoemitted from the sample (34, 35). The optical penetration 
depths of the ultrafast pulses relative to the depletion width are 
illustrated in fig. S5. Both the pump and the probe pulses were set to 
p-polarization and focused onto the sample at a grazing angle of 18°. 
The diameter of the short axis of the pump elliptical spot was ~30-m 
FWHM. The probe spot was a few hundred micrometers wide to 
achieve uniform illumination of the field of view of the sample. The 
temporal resolution of the measurement was obtained from the rise 
time of the pump-probe signal to be ~280 fs due to the stretching of 
the frequency-tripled probe. The LEED pattern of the sample was 
taken both before and after the measurements to rule out any signifi-
cant surface change over the course of the measurements.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaat9722/DC1
Fig. S1. 2D images showing the separation of the photoexcited electrons at the photoexcited 
carrier density of 2.1 × 1019 cm−3.
Fig. S2. Distribution of dipoles before and after photoexcitation.
Fig. S3. Partial screening of the built-in surface field.
Fig. S4. Origin of the initial fast drop in the photoemission intensity.
Fig. S5. Formation of the in-plane electric field.
Fig. S6. Relative extents of the optical pulse penetration depths and the depletion width of the 
surface space charge region.
Section S1. Partial screening of the built-in surface space charge field.
Section S2. Formation of lateral electric field.
Movie S1. Gaussian electron distribution profile at low carrier density of 1.4 × 1018 cm−3.
Movie S2. Redistribution of the photoexcited electrons at 2.1 × 1019 cm−3.
Reference (36)
REFERENCES AND NOTES
 1. I. McCulloch, A. Salleo, M. Chabinyc, Avoid the kinks when measuring mobility.  
Science 352, 1521–1522 (2016).
 2. B. Liao, E. Najafi, H. Li, A. J. Minnich, A. H. Zewail, Photo-excited hot carriers dynamics in 
hydrogenated amorphous silicon imaged by 4D electron microscopy. Nat. Nanotechnol. 
12, 871–876 (2017).
 3. P. V. Kamat, Manipulation of charge transfer across semiconductor interface.  
A criterion that cannot be ignored in photocatalyst design. J. Phys. Chem. Lett. 3, 
663–672 (2012).
 4. T. Hisatomi, J. Kubota, K. Domen, Recent advances in semiconductors for photocatalytic 
and photoelectrochemical water splitting. Chem. Soc. Rev. 43, 7520–7535 (2014).
 5. M. M. Gabriel, JR. Kirschbrown, J. D. Christesen, C. W. Pinion, D. F. Zigler, E. M. Grumstrup, 
B. P. Mehl, E. E. Cating, J. F. Cahoon, J. M. Papanikolas, Direct imaging of free carrier and 
trap carrier motion in silicon nanowires by spatially-separated femtosecond pump-probe 
microscopy. Nano Lett. 13, 1336–1340 (2013).
 6. M. M. Gabriel, E. M. Grumstrup, J. R. Kirschbrown, C. W. Pinion, J. D. Christesen, D. F. Zigler, 
E. E. M. Cating, J. F. Cahoon, J. M. Papanikolas, Imaging charge separation and carrier 
recombination in nanowire p-i-n junctions using ultrafast microscopy. Nano Lett. 14, 
3079–3087 (2014).
 7. J. Cho, T. Y. Hwang, A. H. Zewail, Visualization of carrier dynamics in p(n)-type GaAs by 
scanning ultrafast electron microscopy. Proc. Natl. Acad. Sci. U.S.A. 111, 2094–2099 
(2014).
 8. B. Liao, H. Zhao, E. Najafi, X. Yan, H. Tian, J. Tice, A. J. Minnich, H. Wang, A. H. Zewail, 
Spatial-temporal imaging of anisotropic photocarrier dynamics in black Phosphorus. 
Nano Lett. 17, 3675–3680 (2017).
 9. M. Dąbrowski, Y. Dai, H. Petek, Ultrafast microscopy: Imaging light with photoelectrons 
on the nano–femto scale. J. Phys. Chem. Lett. 8, 4446–4455 (2017).
 10. P. Kahl, D. Podbiel, C. Schneider, A. Makris, S. Sindermann, C. Witt, D. Kilbane, 
M. Horn-von Hoegen, M. Aeschlimann, F. Meyer zu Heringdorf, Direct observation of 
surface plasmon polariton propagation and interference by time-resolved imaging in 
normal-incidence two photon photoemission microscopy. Plasmonics 13, 239–246 
(2018).
 11. A. Kubo, K. Onda, H. Petek, Z. Sun, Y. S. Jung, H. K. Kim, Femtosecond imaging of surface 
plasmon dynamics in a nanostructured silver film. Nano Lett. 5, 1123–1127 (2005).
 12. S. Tan, A. Argondizzo, J. Ren, L. Liu, J. Zhao, H. Petek, Plasmonic coupling at a metal/
semiconductor interface. Nat. Photonics 11, 806–812 (2017).
 13. K. Fukumoto, Y. Yamada, K. Onda, S.-y. Koshihara, Direct imaging of electron 
recombination and transport on a semiconductor surface by femtosecond time-resolved 
photoemission electron microscopy. Appl. Phys. Lett. 104, 053117 (2014).
Wong et al., Sci. Adv. 2018; 4 : eaat9722     7 September 2018
S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E
6 of 6
 14. M. K. L. Man, A. Margiolakis, S. Deckoff-Jones, T. Harada, E. L. Wong, M. B. M. Krishna, 
J. Madéo, A. Winchester, S. Lei, R. Vajtai, P. M. Ajayan, K. M. Dani, Imaging the motion of 
electrons across semiconductor heterojunctions. Nat. Nanotechnol. 12, 36–40 (2017).
 15. T. K. Nguyen, W. T. Kim, B. J. Kang, H. S. Bark, K. Kim, J. Lee, I. Park, T.-I. Jeon, F. Rotermund, 
Photoconductive dipole antennas for efficient terahertz receiver. Opt. Commun. 383, 
50–56 (2017).
 16. S. Gélinas, A. Rao, A. Kumar, S. L. Smith, A. W. Chin, J. Clark, T. S. van der Poll, G. C. Bazan, 
R. H. Friend, Ultrafast long-range charge separation in organic semiconductor 
photovoltaic diodes. Science 343, 512–517 (2014).
 17. M. B. M. Krishna, M. K. L. Man, S. Vinod, C. Chin, T. Harada, J. Taha-Tijerina, C. S. Tiwary, 
P. Nguyen, P. Chang, T. N. Narayanan, A. Rubio, P. M. Ajayan, S. Talapatra, K. M. Dani, 
Engineering photophenomena in large, 3D structures composed of self-assembled van 
der Waals heterostructure flakes. Adv. Opt. Mater. 3, 1551–1556 (2015).
 18. F. Ceballos, M. Z. Bellus, H. Y. Chiu, H. Zhao, Ultrafast charge separation and indirect 
exciton formation in a MoS2-MoSe2 van der Waals heterostructure. ACS Nano 8, 
12717–12724 (2014).
 19. T. Dekorsy, T. Pfeifer, W. Kütt, H. Kurz, Subpicosecond carrier transport in GaAs 
surface-space-charge fields. Phys. Rev. B. 47, 3842–3849 (1993).
 20. P. Siffalovic, M. Drescher, U. Heinzmann, Femtosecond time-resolved core-level 
photoelectron spectroscopy tracking surface photovoltage transients on p-GaAs. 
Europhys. Lett. 60, 924–930 (2002).
 21. W. Widdra, D. Bröcker, T. Gießel, I. V. Hertel, W. Krüger, A. Liero, F. Noack, V. Petrov, D. Pop, 
P. M. Schmidt, R. Weber, I. Will, B. Winter, Time-resolved core level photoemission: 
Surface photovoltage dynamics of the SiO2/Si(1 0 0) interface. Surf. Sci. 543, 87–94 (2003).
 22. C. H. Lee, G. H. Lee, A. M. van der Zande, W. Chen, Y. Li, M. Han, X. Cui, G. Arefe, 
C. Nuckolls, T. F. Heinz, J. Guo, J. Hone, P. Kim, Atomically thin p-n junctions with van der 
Waals heterointerfaces. Nat. Nanotechnol. 9, 676–681 (2014).
 23. M. Buscema, D. J. Groenendijk, S. I. Blanter, G. A. Steele, H. S. J. van der Zant, 
A. Castellanos-Gomez, Fast and broadband photoresponse of few-layer black 
phosphorus field-effect transistors. Nano Lett. 14, 3347–3352 (2014).
 24. X. Zhou, N. Liu, P. Schmuki, Photocatalysis with TiO2 nanotubes: “Colorful” reactivity and 
designing site-specific photocatalytic centers into TiO2 nanotubes. ACS Catal. 7, 
3210–3235 (2017).
 25. C. Zhou, Z. Ren, S. Tan, Z. Ma, X. Mao, D. Dai, H. Fan, X. Yang, J. LaRue, R. Cooper, 
A. M. Wodtke, Z. Wang, Z. Li, B. Wang, J. Yang, J. Hou, Site-specific photocatalytic splitting 
of methanol on TiO2(110). Chem. Sci. 1, 575–580 (2010).
 26. D. Li, G. Dong, W. Li, L. Wang, High performance organic–inorganic perovskite-
optocoupler based on low-voltage and fast response perovskite compound 
photodetector. Sci. Rep. 5, 7902 (2015).
 27. W. Zhang, C.-P. Chuu, J.-K. Huang, C.-H. Chen, M.-L. Tsai, Y.-H. Chang, C.-T. Liang, 
Y.-Z. Chen, Y.-L. Chueh, J.-H. He, M.-Y. Chou, L.-J. Li, Ultrahigh-gain photodetectors based 
on atomically thin Graphene-MoS2 heterostructures. Sci. Rep. 4, 3826 (2015).
 28. J. G. Robertson, Quantifying resolving power in astronomical spectra. Publ. Astron. Soc. Aust. 
30, e048 (2013).
 29. L. Kronik, Y. Shapira, Surface photovoltage phenomena: Theory, experiment, and 
applications. Surf. Sci. Rep. 37, 1–206 (1999).
 30. Z. W. Deng, R. W. M. Kwok, W. M. Lau, L. L. Cao, Time-resolved measurement of surface 
band bending of cleaved GaAs(110) and InP(110) by high resolution XPS. Appl. Surf. Sci. 
158, 58–63 (2000).
 31. G. M. Akselrod, P. B. Deotare, N. J. Thompson, J. Lee, W. A. Tisdale, M. A. Baldo, 
V. M. Menon, V. Bulović, Visualization of exciton transport in ordered and disordered 
molecular solids. Nat. Commun. 5, 3646 (2014).
 32. J. Xiao, M. Zhao, Y. Wang, X. Zhang, Excitons in atomically thin 2D semiconductors and 
their applications. Nanophotonics 6, 1309–1328 (2017).
 33. S. M. Sze, K. K. Ng, Physics of Semiconductor Devices (John Wiley & Sons Inc., ed. 3, 2007).
 34. G. E. Jellison Jr., Optical functions of GaAs, GaP, and Ge determined by two-channel 
polarization modulation ellipsometry. Opt. Mater. 1, 151–160 (1992).
 35. D. E. Aspnes, A. A. Studna, Dielectric functions and optical parameters of Si, Ge, GaP, 
GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV. Phys. Rev. B 27, 985–1009 (1983).
 36. U. Strauss, W. W. Rühle, K. Köhler, Auger recombination in intrinsic GaAs. Appl. Phys. Lett. 
62, 55–57 (1993).
Acknowledgments 
Funding: This work was supported in part by funding from the Femtosecond Spectroscopy 
Unit, Okinawa Institute of Science and Technology Graduate University. Author 
contributions: E.L.W. performed all experiments and analyzed the data. A.J.W. and M.K.L.M. 
assisted in the TR-PEEM measurements. V.P. and J.M. built the laser pump-probe setup. 
M.K.L.M. assisted in sample preparation. K.M.D. supervised the project. All authors contributed 
to the discussions and manuscript preparation. Competing interests: K.M.D., M.K.L.M., and 
E.L.W. are inventors on a provisional patent application related to this work filed by the 
Okinawa Institute of Science and Technology School Corporation (US62/660,818, filed on 
20 April 2018). The authors declare no other competing interests. Data and materials 
availability: All data needed to evaluate the conclusions in the paper are present in the paper 
and/or the Supplementary Materials. Additional data related to this paper may be requested 
from the authors.
Submitted 25 April 2018
Accepted 30 July 2018
Published 7 September 2018
10.1126/sciadv.aat9722
Citation: E. L. Wong, A. J. Winchester, V. Pareek, J. Madéo, M. K. L. Man, K. M. Dani, Pulling apart 
photoexcited electrons by photoinducing an in-plane surface electric field. Sci. Adv. 4, eaat9722 
(2018).
Pulling apart photoexcited electrons by photoinducing an in-plane surface electric field
E Laine Wong, Andrew J. Winchester, Vivek Pareek, Julien Madéo, Michael K. L. Man and Keshav M. Dani
DOI: 10.1126/sciadv.aat9722
 (9), eaat9722.4Sci Adv 
ARTICLE TOOLS http://advances.sciencemag.org/content/4/9/eaat9722
MATERIALS
SUPPLEMENTARY http://advances.sciencemag.org/content/suppl/2018/08/31/4.9.eaat9722.DC1
REFERENCES
http://advances.sciencemag.org/content/4/9/eaat9722#BIBL
This article cites 35 articles, 3 of which you can access for free
PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions
Terms of ServiceUse of this article is subject to the 
registered trademark of AAAS.
is aScience Advances Association for the Advancement of Science. No claim to original U.S. Government Works. The title 
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American 
(ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 NewScience Advances 
